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1
Introduction

Within the Standard Model of Physics reside the rules and regulations which govern the particles
and forces of our universe. These parameters dictate the possibilities available for determining
the past, present, and future patterns of our universe. Challenges to the absolutes of this model
through theoretical and practical experimentation have given rise to revisions creating new
horizons of the possible.
In the summer of 2008 I traveled to Assergi Italy to work with the scientists of the
CUORE (Cryogenic Underground Observatory for Rare Events) collaboration in research and
development as a means of facilitating their search for neutrinoless double beta decay. The goal
of the CUORE collaboration is to detect the 2530 keV energy signal within tellurium dioxide
(TeO2) detectors indicating the presence of neutrinoless double beta decay (0!""). This
detection would prove that the neutrino is its own antiparticle, resulting in a revision of the
Standard Model of physics, opening up pathways to reactions that were previously thought to be
closed. My work with the collaboration involved the removal of radioactive contamination from
components of the experimental apparatus used for detection of the 2530 keV signal. This work
concentrated on the cleaning of the TeO2 detectors and copper infrastructure.
Through the following methods presented I helped reduce the background interference,
improved the sensitivity of the experiment, and furthered the collaborations’ efforts in finding
experimental proof that the neutrino is its own antiparticle.
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The Standard Model

The “Standard Model” refers the template from which the basic structures, parameters, and rules
of particle physics are derived. The Standard Model (SM) is the accepted ordering and
categorization of the particles and forces which dictate the interactions and behaviors involved in
physics at the fundamental levels. The evolution of the SM is the result of new discoveries and
breakthroughs in both theoretical and experimental endeavors spanning over the past 100 years.
In the SM there are two ruling particle categories. These are divided into subsets, all of
which contain more specific components particular to each particle and/or force. The two
dominant classifications of particles are Boson and Fermion. The defining characteristics
separating the Boson and Fermion are their spin and representative particles. The Boson category
includes all force particles of whole integer spin. The Fermion category includes all matter
particles of half-integer spin and obey the Pauli Exclusion Principle.
Bosons encompass the force particles which are also referred to as the force mediators.
Each force mediator corresponds to an atomic force. The photon is the force mediator of the
electromagnetic force. The photon, #, has spin 1 and an electric charge of 0. The weak nuclear
force has three force mediators the W+, W-, and Z0 bosons. The gluon, g, corresponds to the
strong nuclear force, and the yet experimentally undiscovered graviton is the mediator of the
gravitational force. Figure 1 is a table which shows the defining characteristics of the force
mediators.
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Figure 1
Characteristics of Force Mediating Bosons

[1]

The fermion matter particles are the building blocks for all known forms of matter and
antimatter. These particles are further divided into leptons and quarks, both with spin one-half.
These two classifications represent the elementary particles; elementary meaning that each
particle is indivisible, having no further constituent or part. Leptons and quarks are the
fundamental particles from which all known matter is composed. Particles which were once
thought of as being elementary, such as protons and neutrons, are now known to be made up of
quarks. Protons and neutrons are no longer recognized as the smallest constituents of an atom.
Figure 2 gives a representative model of the atom and its composite parts. Upon the discovery of
quarks the SM was revised to remove the elementary label from reference to protons and
neutrons.
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Figure 2

[1]

Composition of the Atom and its’ Constituent Nucleons
There are six varieties or “flavors” of quarks. For every quark there is a corresponding
anti quark. Each flavor of quark or anti quark has one of three possible “colors” red, blue, or
green. These associated color charges have no relation to the visible light spectrum, but instead,
are an added means of classification required to demonstrate the complexity of the strong nuclear
force. Combinations of quarks utilizing these different flavors results in composite particles
called hadrons. A hadron is a composite particle made up of an arrangement of quarks and anti
quarks which are held together by the strong force. Hadrons come in two “color neutral”
numerical arrangements. A combination of a quark and an antiquark is called a meson. A
combination of three quarks in any combination of flavors is called a baryon. By altering the
flavor of a quark within the particles composition, the identity of the particle is also altered. For
instance, a neutron is composed of two “down” quarks and one “up” quark. A proton is
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composed of two “up” quarks and one “down” quark. If one of the down quarks of a neutron is
transformed into an up quark the identity of the particle is changed from a neutron to a proton.
Leptons also come in six flavors which are divided up into generations, each with a
particle and a related neutrino. The first generation is the electronic generation, which includes
the electron and the electron-type neutrino. The second generation is the muonic generation
containing the muon and the muon-type neutrino. The third generation is the tauonic generation
containing the tauon and the tauon-type neutrino. Within this generational structure the mass
associated with each particle increases the first generation being the smallest and the third
generation the largest. An electric charge of -1is associated with each particle, and each neutrino
has an associated electric charge of 0. For each particle in the individual generations there is a
corresponding antiparticle with a charge equal in magnitude but opposite in sign. An example of
this is the positron which is the electron’s antiparticle with electric charge +1. This particle
antiparticle relation includes the respective neutral neutrino and anti neutrino.
Within the many conservation rules of the SM exists the conservation of lepton number.
This form of conservation, like that of the traditional energy conservation, states that the lepton
number before a decay must be equal to that of the lepton number after the decay. Each particle
in the lepton category has a lepton number of either one or negative one. All other particles have
a lepton number of zero. Each particle and neutrino is assigned a value of positive one and each
antiparticle and antineutrino corresponds to a value of negative one. Currently any reaction
which does not exhibit conservation of lepton number is deemed forbidden.

6

Figure 3
Characteristics of Matter Particle Fermions

[1]

The possibility of antiparticles was first theorized by Paul Dirac as a result of his
mathematical equation describing the spin of an electron. “Taking the mathematical form of his
equation seriously, and searching for a way of interpreting it, Dirac was led, in 1931, to propose
that there should exist a class of 'anti-electrons', particles with the same mass and spin as the
electron but with the opposite electrical charge”(2). The experimental proof of Dirac’s
antiparticle was found by Carl Anderson while studying cosmic rays at Cal Tech in 1932. “The
1932 discovery of the positive electron, or positron, was the perfect example of a striking
experimental finding following closely on a remarkable theoretical prediction” (3). This led to
the question of whether all particles had a corresponding antiparticle.
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Antiparticles have the same mass and spin as the particle but have a different charge
value. In the process of particle-antiparticle annihilation, the rest mass energy of the particle and
antiparticle is converted into electromagnetic radiation in the form of photons. For the neutrino
which is of neutral charge, the defining difference between particle and antiparticle is found by
looking at the lepton number. Lepton number is another “charge” associated with fermions.
Negatively charged particles and neutrinos are given a lepton charge of +1. Positively charged
antiparticles and antineutrinos are given a lepton charge of -1. In atomic reactions the defining
characteristics of the particles involved must be conserved. This includes the conservation of
lepton number, electric charge, color charge, etc. Some neutral particles, such as photons and the
neutral kaon, are their own antiparticle while others such as the neutron are not. This association
of a particles’ neutrality and the possibility of being its own antiparticle naturally leads one to
questions involving the neutrino.
The electrically neutral neutrino was theoretically hypothesized by Wolfgang Pauli in
1930. This hypothesis was formulated as an explanation to account for the missing energies in
beta decay which seemed to violate the energy and momentum conservation laws. Conservation
of momentum and energy means that if there are “no external forces acting on a system then that
system will have the same momentum for all time and if there are no internal or external forces
acting in or on the system then the energy of the system will remain constant for all time.” (4)
The observed energies for beta decay did not match the theoretical predictions. The theoretical
energies accounted for all known particles and yet did not match the outcome. The experimental
data had come up short. It seemed as though the laws for the conservation of energy and
momentum had been violated. Pauli’s solution to the problem was the presence of another
particle. Pauli defined this particle as being a massless or nearly massless neutral particle
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without electronic charge and only a weak interaction with matter. This weakness of interaction
was why it had yet to be detected. Enrico Fermi named the unknown particle the neutrino,
“little neutral one”. Fermi subsequently developed a theory very accurately describing many of
the characteristics of beta decay. Fermi illustrated that the neutrino’s interaction with matter was
due to a different force he called the weak interaction force. This weak interaction with matter is
the reason why the neutrino can pass through the whole of the Earth without interacting with a
single particle. The first experimental detection of the neutrino was achieved in 1956 by Reines
and Cowan (5, 6). The neutrino’s weak interactions with matter necessitated a source which
produced a large amount of neutrinos. The source used in 1955 was the Savannah River nuclear
reactor as “nuclear reactors were expected to produce neutrino fluxes on the order of 1012-1013
neutrinos per second per cm2” (7). The proof of neutrino existence through experimental means
resulted in the addition of the neutrino to the SM.
The largest source of neutrinos is the sun in which many nuclear reactions take place. In
the 1960s Ray Davis observed a problem with respect to solar neutrinos. Through many
experiments Davis repeatedly found only one third of the neutrinos predicted by theory. “His
results threw the field of astrophysics into an uproar, and, for nearly three decades, physicists
tried to resolve the so-called "solar neutrino puzzle.[ It was through] experiments in the 1990s
using different detectors around the world [which] eventually confirmed the solar neutrino
discrepancy.”(8) In 2001 it was experimentally proven that neutrinos undergo flavor oscillation.
These oscillations were the proof that neutrinos, in fact, do have mass. This new information
resulted in yet another change to the SM and reinvigorated interest in the field of neutrino
research and exploration.
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2

Radioactive Decay

Radioactive decay is an event that concerns the nucleus of an atom and its subsequent stability.
The conservation of energy and atomic stability at lowest energy dictate which decays will occur
as well as the mode or paths that can be taken. “A nucleus will decay if there is a set of particles
with lower total mass that can be reached by any [of the] types of decay processes.”(9) The
nucleus of an atom is comprised of two composite particles, protons and neutrons, each of which
contain three quarks. Protons and neutrons are referred to as nucleons. As the ratio of nucleons
becomes unbalanced the nucleus becomes more unstable. There are two specific numbers which
lend information to the composition of a nucleus. The atomic mass number gives the total
number of nucleons and the atomic number the total number of protons. The number of protons
is the defining characteristic which identifies a chemical element. The cohesion of a nucleus is
the result of the strong nuclear force (SNF). The SNF is an attractive force holding the positively
charged protons together and combats the repulsive electromagnetic force. The stability of an
atom is related to its size. As the number of nucleons within an atom increases (changing the
element) a critical number is reached which induces instability and results in radioactive decay.
The underlying physics of radioactive decay involves the principles of conservation of energy,
momentum, angular momentum, and charge but not mass due to the reallocation of rest mass
energy into binding and kinetic energies. When a nucleus reaches an unstable configuration it
will undergo radioactive decay. Although there are multiple classifications of nuclear processes
such as fussion, fission, neutron capture, electron capture, etc., there are three main types of
radioactive decay addressed here: alpha, beta, and gamma. Each of these processes has a
characteristic particle with a corresponding energy.
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In the process of alpha decay the atomic nucleus emits an alpha particle. The alpha
particle is composed of two protons and two neutrons. This configuration is a He+2 nucleus.
Because protons are the defining feature of an atoms identity the emitted alpha particle
effectively changes the element of the atom as well as reducing the total number of nucleons.
This is a process known as transmutation. Alpha particles are highly charged and easily
absorbed due to their size, reactivity, and bulkiness.

Figure 4

[ 10 ]

Alpha Decay
In the process of beta decay a beta particle and a neutrino are emitted when the number of
neutrons versus protons becomes unbalanced causing instability. There are two types of beta
decay. Beta minus decay referred to as simply “beta decay” corresponds to the emission of an
electron; beta plus decay corresponds to the emission of a positron. Beta decay is the process by
which a neutron converts into a proton through the transformation of one of its quarks from a
down quark to an up quark and emits an electron and electron type antineutrino. During beta
plus decay a proton transforms into a neutron, and a positron and electron type neutrino are
emitted. The mass of a neutron is greater than the mass of a proton making beta plus decay an
energetically unfavorable and therefore a forbidden spontaneous reaction. In order for beta plus
decay to occur energy must be provided. In both of these cases the number of protons within the
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atom is being altered, once again leading to transmutation. In this instance although the atomic
number is changing, leading to a daughter atom of a different element than the parent atom, the
overall nucleon number remains the same. The presence of the electron/positron and
neutrino/antineutrino are due to conservation laws. “The energy of an emitted beta particle from
a particular decay can take on a range of values because the energy can be shared in many ways
among the three particles while still obeying energy and momentum conservation” (11). When a
neutrally charged neutron transforms into a positively charged proton a negatively charged
electron must also be present to maintain the conservation of electric charge. In order to conserve
lepton number an electron type antineutrino of lepton number -1 is emitted to balance the
electron of lepton number 1. The beta particle is smaller and moves at higher speeds than the
alpha particle and consequently will penetrate a substance at greater depths.

e

Figure 5a
Beta (minus) decay

[ 10 ]
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[ 10 ]

Figure 5b
Beta (plus) decay

Gamma decay is the result of the emission of a
Photon from an excited state, moving the nuclear
energy to a lower level, thus increasing the stability
of the nucleus. The nucleus of the atom doesn’t
have a change in the number of protons and
therefore there is no elemental change. The number
of total nucleons within the nucleus also remains
unchanged. Due to the high velocity, occurring at

Figure 6
Gamma Decay

the speed of light, and energy of all gamma particles,
which can exist at different wavelengths, causes them to be very penetrative with respect to the
material with which they interact. This feature results in gamma particles being particularly
harmful to organic material.

[ 10 ]
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During the process of double beta decay (2!"") two neutrons transmutate into two
protons and release two electrons and two electron-type antineutrinos results. “Double beta
decay was observed for the first time in 1986. This process, in which a nucleus emits two
electrons and two antineutrinos, was observed in an isotope of selenium by Michael Moe and
colleagues at the University of California, Irvine.”(12)

e

Figure 7
Double Beta Decay

[ 10 ]

It is believed the 2!"" reaction needs to occur in order for the possible observation of
neutrinoless double beta decay (0!"") , which has yet to be experimentally observed. 0!"" is a
decay in which no neutrinos appear in the final state clearly violating lepton number
conservation. For this to take place the neutrino would have to be its own antiparticle. If 0!""
were detected it would constitute a major scientific discovery indicating the neutrino is, in fact,
its own antiparticle. This breakthrough would signal a fundamental revision to the Standard
Model of Physics by opening up new pathways in which reactions could take place, giving
insight into the fundamental properties of the neutrino.
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2n ! 2p + 2e[ 13 ]
Figure 8
Neutrino and Antineutrino Interactions for Beta Decay (") Double Beta Decay ("")
and Neutrinoless Double Beta Decay (0#"")

3

Dirac vs Majorana

In the previous regime of the massless neutrino the Dirac and Majorana models held no
quantitative variance. However the introduction of evidence found in the recent neutrino
oscillation studies substantiating the presence of a massive neutrino is an intregral component in
the current debate of the model best portraying neutrino attributes. The distinction between a
particle and its antiparticle arises from a difference in internal quantum numbers intrinsic to the
system. The difference in “charge” may refer to its electric charge as in the case of the electron
and the positron or it may be in reference to a difference in a quantity such as lepton number as
in the case of a neutrino and an antineutrino. This distinction based on lepton number is central
to the Dirac models prediction of the states of the neutrino. According to the Dirac model the
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neutrino can be found in four different states dependent on its helicity (handedness) or rather its
spin relative to the direction of momentum as well as lepton number. Paired with the
characteristic of helicity are charge conjugation parity, and time reversal operations (CPT). “C,
P, T are discrete symmetries that might or might not be available in a field theory. These
symmetries would give selection rules for various processes that can be used to analyze data.”
(14) Using the selection rules of CPT along with helicity the four states of neutrinos in the Dirac
model can be illustrated. “[ … ] a neutrino with negative helicity (left handed) !L [will have a]
corresponding CPT transformed state, i.e. an antineutrino with positive helicity (right handed) !R.
If the neutrino has a mass then [there] will exist a Lorentz boost that permits the helicity flip.
Thus if the neutrino has a charge (lepton number) and a mass, it consists of four different states
[ … ]” (15). Strangely, although neutrinos are massive, only two states (!L and !R-) are observed
in nature. A second possibility was presented by Ettore Majorana in 1937. It was postulated by
Majorana that perhaps the neutrino was in fact its own antiparticle. This circumstance would
remove the influence of conservation of lepton charge on the formation of possible states
effectively reducing the four Dirac states to two Majorana states.

Figure (9)
Different Model Dependent Transformations for Neutrinos.

[15 ]
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The current SM dictates that the left-handed neutrino has a separate right-handed
antiparticle. This determination follows the Dirac theory with two states (!L- and !R) still
experimentally undetected. If it is experimentally discovered that the neutrino is in fact its own
antiparticle the Majorana theory would become applicable. This turn of events would
experimentally show that conservation of lepton number can be violated leading to the
possibility of reactions beyond 0!"" which are currently thought to be forbidden.

4

The Lab

For experiments in the pursuit of rare events detection the location of the experiment is of
paramount importance. Many measures to reduce the influence of external radioactive particles
have been taken into account in the development and design of the experiment and the facilities
in which it is housed. Located within a mountain in Assergi Italy at the Gran Sasso National
Laboratory (LNGS) CUORE is surrounded by one kilometer of solid rock equivalent to 3400
mwe (meters water equivalent) on every side. This shielding is used to ensure the exclusion of
the influence of cosmic rays and undesired particles corrupting the 0!"" energy signal. The
entirety of the underground lab is composed of three “halls”, each containing several such rare
events experiments. The compartmentalization of the lab as shown in figure 10 was designed for
safety purposes. In case of an emergency each hall can be sealed off and isolated from the rest.
The entrance to the lab is at position 1, the guard station at position 2, and the exit along with a
second guard station at position 3. The CUORE experiment is being conducted in the lower
portion of Hall A in the laboratory.
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Figure 10

5

The Experiment

The CUORE experiment is an Italian-led physics
[ 16 ]
collaboration consisting of approximately 100 individuals distributed
over 20 institutions in Italy, the United States, and Spain. United States contributors to the
CUORE project consist of two U.S. national laboratories and five U.S. universities including Cal
Poly San Luis Obispo. CUORE means “heart” in Italian.
The previous apparatus built by the CUORE collaboration in the pursuit of the 0!""
signal was Cuoricino, “little heart”. Cuoricino was composed of 62 TeO2 crystals assembled in a
tower of thirteen levels. The construction of Cuoricino is given in figure 11. The natural
abundance of the TeO2 crystal composition is one third 130Te, an isotope of tellurium known to
undergo 2!"". This characteristic makes the TeO2 crystals a good candidate for 0!"". In this
way the TeO2 crystals functioned as both detector and source. By keeping the crystal detectors
at temperatures of approximately ~7-10 millikelvin the energy released during a decay can be
differentiated from the crystal environment. This release of energy registers as an incremental
rise in temperature. This temperature increase is then translated into an energy signal,
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calibrated to a specific energy, and counted as a decay event. By plotting the data
of counts versus energy, a graph like that in figure 14 can be used to determine the
radioactive decays corresponding to each energy peak. Cuoricino was the precursor
to its larger counterpart CUORE. The data acquired from Cuoricino will be used
in the modifications and construction of CUORE. The run time of Cuoricino was
from 2003 until June of 2008 when it was decommissioned and many of its
components stored for further use.
The experiment to follow Cuoricino is the Three Towers Test (TTT). The
(TTT) is being conducted as a diagnostics test to determine the optimal
preparation methods and most effective cleaning techniques to be used for the
reduction of background interference due to radioactive contaminants. Each of
the three towers will have a similar arrangement to Cuoricino but will be testing
different variables related to reducing background and increasing the sensitivity of
the experiment. The results obtained from the TTT will determine which final
parameters will be used in the construction of CUORE-0 a fully functional
intermediate version of CUORE. CUORE will be the final and largest of the three
experiments set to “be installed in 2010” (18). Utilizing the techniques proven as

Figure 11
Cuoricino Tower

most effective in the TTT design, the experimental apparatus will be composed of a lattice
arrangement of 988 tellurium dioxide crystals weighing approximately 0.750 kg each in a 19
tower configuration. The detector apparatus will be composed of 19 towers. Each tower will
have 10 levels, each level containing four crystals held in place by Teflon supports in a copper
frame. The Teflon components, along with “the frame and dilution refrigerator mixing chamber
to which [the 19 tower configuration] is thermally connected” (19) act as heat sinks.

[ 17 ]
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In this way temperature increases within the crystal
due to the release of energy during a decay can be
dissipated allowing the detector to remain at the
desired base temperature of ~7-10 millikelvin. In the
midst of this arrangement, thermistors and heaters will
be attached to the TeO2 crystals creating a complete
detector. The crystals will be “arranged in a
cylindrical configuration of 19 towers” (19). The

Figure 12

[ 15 ]

CUORE Experimental Configuration

6

entire apparatus will be housed within a shielding of
lead no less than “30 cm [of thickness] in every
direction” (18).

Energy signals

Following the laws of conservation of energy and momentum, the energy of a system after a
decay must be equal to the energy of the system before the decay. In the case of 2!"" the energy
released during the decay is removed in the form of the mass and momentum of the emitted
particles, the electrons and the neutrinos. The emitted particles can share the energy in a variety
of ways. The more energy devoted to the momentum of the neutrinos the less energy imparted to
the electrons and vice versa. For this reason the energy of the emitted electrons can take on a
range of values during 2!"". This range of energy values is depicted by the blue line in figure
13. In the process of 0!"" the two electron-type Majorana antineutrinos do not appear in the
final state. This results in the two ejected electrons inheriting the entire available energy at a
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specific energy value. The red line in figure 13 shows this single value spread to indicate the
effects of detector energy resolution for 0!"" relative to the range of values encountered with
2!"".

Figure 13

[ 16 ]

Kinetic Energy Distribution of Emitted Electrons of 2!"" and 0#""

There are many factors which contribute to sensitivity and detection of the 0!"" signal within the
CUORE experiment. The four most prominent are demonstrated and their relative effects shown
in the form of an equation E1. This equation represents their individual contributions on the
sensitivity of the experiment. The total mass of the experiment refers to the number of tellurium
dioxide crystals as well as the amount of copper used within the infrastructure and all other
physical components. Although increasing the mass of the experiment, specifically the amount
and size of the TeO2 crystals, would be effective in raising the sensitivity there is a limiting
financial constraint. The active run-time of the experiment is limited by the number of manhours that can be expected to be invested over the life time of the experiment. The energy
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resolution is restricted by the structure and inherent qualities of the crystals and the level of
technology currently available.
(E1)

S (yrs) = Sensitivity
M (kg) = total mass of exp
t (yrs) = active run time
$ (kev) = energy resolution
b (c/kg/keV/yrs) = background rate
[ 21 ]
To date the experimental parameter being focused on as a means of increasing the

sensitivity of the experiment, and therefore the probability of detecting the 0!"" signal, is
reduction of background. The background is the result of radioactive contaminants within the
surface of the materials used in the experimental apparatus. These radioactive contaminants
introduce alternate decay sources producing alpha, beta, and gamma particles. The resulting
energy signals related to these decays contribute to background interference and mask the 0!""
energy signal. Figure 14 shows the data collected by Cuoricino as a counts versus energy plot.
The background interference is depicted by the varying green line. The 0!"" energy signal for
130

Te occurs at 2530keV. This area is represented in figure 14 by the blue oval. Due to the low

number of 2!"" events, any possible evidence for the even rarer, and as of yet experimentally
undetected 0!"" is indistinguishable. The signal, if present, is hidden by current background
levels.

22

Figure 14

[ 15 ]

Number of Decay Counts versus Energy Signal of Decay
Data recorded from Cuoricino

The background interference’s greatest contributor is the energy “tail” which results from
so-called “degraded alphas”. Depending on the location of the decay two different expressions
of the alpha energy signal can result. The decay can either occur on the surface of the TeO2
crystal detectors in materials near the detectors such as the copper framing, or within the bulk of
the TeO2 detector. For example when a decay occurs which results in the release of an alpha
particle within the first 10 µm of the TeO2 detectors, the subsequent energy signal covers a large
range of energies. This range is due to the alpha particle losing energy along its path through the
crystal. As figure 15 illustrates upon exiting the crystal in which the decay occurred (crystal 1)
the now lower energy alpha particle can interact with a neighboring crystal (crystal 2).
Depending on the depth which the alpha particle traversed within the first crystal it will exit at
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any energy within a distribution from 0 MeV to approximately 5 MeV, the original decay
energy, and then interact with the second crystal. Multiple occurrences of decays within the
crystal results in a plot exhibiting a random distribution of energies overlapping and disguising
signals of interest as diagramed in block A of figure 15. If the decay occurs on the surface of the
first crystal the alpha particle is absorbed at its full energy of 5MeV by the second crystal and a
single spike at that energy results. These two decay situations and the subsequent energy plots
are shown in figure 15.

Figure 15
Depth of Decay and Corresponding Energy Signal(s) for Generic 5 MeV Example
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Decontamination

The effort to reduce background interference is being made through the decontamination of the
two main material components of the experiment, the TeO2 crystals and the copper
infrastructure. It is in this capacity that I contributed through hands-on lab work over a period of
two months in the summer of 2008.
My first contribution was in the final stages of the decommissioning of Cuoricino. For a
period of five days I took part in dismantling the crystals from their towers and removing the
attached wires, themistors, and heaters from the crystal detectors. The 50µm thick wires had the
appearance of string. This string encased gold wire connecting the readouts from the thermistors
and resistors to a “pin” (a common electrical connection device) which then carried the signal to
be analyzed and recorded. The copper frame supporting the crystals was unbolted and its
composite parts stored.
A diagram identifying each detector within the frame was referenced throughout the
dismantling process to ensure proper labeling. This was done to maintain the cataloging process
as many components are repeatedly used as they are moved between experiments. The removal
of the heaters and thermistors was accomplished by placing the TeO2 detectors in a solution of
dichloromethane. This deteriorated the epoxy releasing the heater or themistor without
damaging the crystal. The crystals were then placed in a nitrogen gas filled plastic bag, labeled,
and stored in the underground clean room until needed. These crystals would later be
decontaminated for their use in the configuration and testing of CUORE-0.
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Figure 16

[ 22 ]

Configuration of Cuoricino Crystals and Components Within a Copper Frame

Using computer simulations it had previously been determined by the CUORE
researchers that the radioactive contamination of the TeO2 crystals contributing to background
(18)

interference subsisted in the first ten microns of the surface. Through a process referred to as
“lapping”, the surface of the crystal containing the radioactive contaminants was removed. I
used this decontamination procedure on the crystals which had been used in the Cuoricino
experiment allowing for their use in future experiments.
During the process of crystal decontamination great care must be taken to ensure that,
upon completion of the decontamination procedure, the crystals will not become recontaminated
due to accidental exposure with harmful environmental elements. Several precautionary steps
were taken to ensure this. The handling of the crystal was done in a clean room while wearing
clean suits, gloves, and masks. The plastic bags in which the crystals were to be stored
underwent their own decontamination process. The bags were filled with de-ionized water and
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one drop of HNO3 and then placed in an ultrasonic bath for a period of forty minutes. At the end
of this time the bags were emptied and dried using pressurized nitrogen gas.
To remove the 10 microns of crystal surface in which the radioactive contamination
existed, a two step procedure was performed. The first stage in the decontamination of the TeO2
crystals was a process referred to as etching. All direct handling of the crystals during the
etching process was done wearing the clean etching gloves. In this instance the etching was
performed via a chemical reaction between the crystal and an acidic solution. The solution used
was composed of one part HNO3 and three parts de-ionized H2O. The exact quantities of each
were calculated with reference to the volume of the container in which the etching occured and
the volume occupied by the four crystals placed in the container so that all crystals were
completely submerged. For this procedure, four crystals each 5x5x5 cm3, were placed in a
plastic container of measurements 7x7x25 cm. The resultant quantities of reactants used were
200 mL of HNO3 and 600 mL of H2O.
Attached along the bottom surface of the container were sixteen plastic pegs 1 cm in
height at regularly spaced intervals. The arrangement of the pegs formed a four-pronged
foundation for each crystal to rest upon. The crystals were submerged in the acidic solution for a
period of four hours. The crystals were slightly repositioned on their foundations at regular
intervals of thirty minutes. The purpose of this adjustment was to ensure uniform exposure of
the crystal to the acid. After each repositioning, a clean stir rod was used to agitate the solution
ensuring an even composition of the solution. At the end of the four-hour time period each
crystal was removed, rinsed thoroughly with de-ionized H2O, and dried with nitrogen gas. The
dried crystals were stored in the previously cleaned plastic bags. The bags were then filled with
nitrogen gas and heat sealed. Each crystal was weighed both previous to etching and upon
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completion. On average a decrease of 1 gram in weight was a positive indication that the
reaction mixture had been properly mixed and performed as expected.
Lapping is a procedure much like wet sanding involving the physical removal of surface
material from the crystal. Three individuals (A, B, and C) are needed to correctly perform the
lapping process, one to lap, one to handle the clean crystal, and one to perform all other functions
such as applying the SiO2 solution. Intricate to the process of lapping is the use of silicon
dioxide (SiO2). The SiO2 used is of a fine powder composition. Equal parts of SiO2 and water
relative to weight were mixed to form a “slurry” which was then heated to 30°C. The heating
was done to prevent thermic fissures from forming in the crystal during lapping.
The crystal surfaces are sub-categorized by the
designation of either hard or soft with respect to
the axis of preferential growth. The two sides
perpendicular to the axis of preferential growth
are hard and the four parallel sides are soft. A
representation of this is given in figure 17. The
hard and soft labels are literal descriptions and
result in the different amount of lapping time
applied to each face. The hard faces underwent
Figure 17
Crystal Face Orientation

twenty minutes of lapping, the soft faces five
Crystal Face Orientation
minutes.
Crystal Face Orientation
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Lapping entails physically removing the surface of the TeO2 crystals by wet sanding each
crystal on a cross hatched polyurethane circular pad of a 20 cm diameter at 199 rpm while
applying the slurry in even amounts. The horizontally oriented wheel spins in a clockwise
direction while the crystal is manually guided counter clockwise around the perimeter of the
lapping pad. A ten kilogram lead weight is fixed atop the crystal to help stabilize it. An aerial
view of a crystal being lapped is given in figure 18. Arrow A points to the clean lapping gloves
(CLG), B is the 10 kg lead weight incased in plastic, C is the position of the crystal under the
weight, and D is the lapping wheel upon which the surface of the crystal is removed. Figure 19
shows yet another angle of these components.

Figure 18
Aerial view of the lapping process

At the initiation of the procedure, the previously etched crystals were removed from the plastic
nitrogen filled storage bags by individual B and carefully handed to the lapper, individual A.
Each soft side was applied to the moving wheel for a period of 5 minutes. The face of the crystal
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was rotated by 90 degrees counter clockwise every 75 seconds for a total of three rotations. Each
hard side was applied to the moving wheel for a period of 20 minutes. The face of the crystal was
rotated by 90 degrees counter clockwise every minute during the first four minutes and rotated
every two minutes for the remaining time. During this time, individual C applied the slurry in
even amounts at consistent time intervals of approximately 15 seconds. This interval rotation
ensured that the surface was uniformly exposed and compensated for differences in applied
pressure that occurred throughout the lapping.
After a face had been lapped the designated amount
of time, the crystal was rinsed with de-ionized H2O
once while in the hands of the ‘lapper’, individual A,
and then rinsed again when the crystal was transferred
to a individual B. Each participant wore a specific
pair of sterile gloves to prevent inadvertent
contamination of the crystals. The lapper wore the

Figure 19
Alternate view of lapping setup

‘CLG, which only came in contact with the crystal during lapping. Individual B wore the ‘clean
clean gloves’ (CCG). These gloves were only ever allowed to come into contact with a dry
crystal, a crystal wet with de-ionized H2O, or the nitrogen gas used to dry the crystal. Nitrogen
gas was used to dry the crystal completely. Once dried, the crystal was placed on a cleaned strip
of treated plastic and weighed on the analytical balance. This weight was recorded and the
difference to its previous measurement calculated. For each soft face the range of appropriate
removal was between 0.05 grams and 0.10 grams. For each hard face the range was between 0.10
grams and 0.20 grams. This process was repeated after the lapping of each face of the crystal.
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Upon completion of lapping for all six sides, the crystal was placed in one of the clean
labeled plastic bags and was vacuum sealed. This first bag was placed within a second clean bag
which was then also vacuum sealed. The bagged crystals were removed from the clean room
and transported to the underground laboratories clean room for long term storage until placement
within the experimental apparatus. Over the course of the summer 24 crystals were lapped and
stored without damage, setting a lab record.
The final contribution I made toward decontamination efforts was through an
experimental process to determine an appropriate cleaning procedure to be applied to the copper.
This copper would then be used in the infrastructure of the experimental apparatus. The copper
which was to be used in determining the effectiveness of the cleaning procedure needed to reflect
the same contamination conditions of the copper being reused from Cuoricino. This reused
copper would have an initial level of contamination as a result of its previous exposure during
experimental usage. In order to simulate the contamination conditions, a negative voltage was
applied to copper samples which were exposed to uranium ore in a sealed container. A decay
product resulting from the ore were positively charged radon daughters. The negative voltage
facilitated in attracting these radon daughters to the copper samples. These samples then
underwent the experimentally developed four-step procedure. Using an analytical balance, the
weight of the copper was determined before and after every step.
The first step used a solution of 1% Micro 90 soap and 90% de-ionized water mixed in a
glass beaker. This step was performed as a means of simply rinsing off any particulate matter of
uranium ore from the copper samples. A solution sample was collected prior to inserting the
copper disk. This solution sample was stored in a capped test tube to later be used as a
comparison in determining the amount of contaminants removed from the copper disk. The
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samples were submerged in a beaker of the solution and heated to 45°C and let to sit for 15
minutes without agitation. The copper was then removed, and a second solution sample was
taken.
The second step used was phosphoric electro-erosion. A copper sample attached to a
positive voltage was positioned opposite of a copper waste plate to which a negative voltage was
applied. The base was a 5 x 5 cm2 copper sheet upon which two plastic columns of 2.5 cm were
attached centered along one side of the sheet at a distance of 2 cm apart from one another. Atop
each column a plastic clamp constructed of two plastic washers and two
plastic nuts was set to hold in place the copper sample.
A third clamp held in place a final arm of copper
stripping to be connected to the positive voltage.
This apparatus as shown in figure 20 was then placed
in a solution of 85% orthophosphoric acid, 5% 1-butanol,
and 10% de-ionized water for 90 minutes. The positively
charged copper sample repelled the positively
charged radon daughters, and the negatively charged

Figure 20

waste plate attracted them as well as any positively
charged contaminants inherent to the solution. It was

Phosphoric Electro-Erosion
Apparatus

critical that the power source was not turned off until the copper had been removed from the
solution using plastic tweezers. With the power source turned off in solution, the copper sample
could become recontaminated. As with the previous step before and after solution samples were
collected.
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Nitric acid etching was used for the third step. I was given a general nondescript outline
from which I formulated a specific experimental procedure. I constructed an experimental
apparatus as shown in figure 21a using a 500mL beaker (a2) set inside of a 1000 mL beaker (a3)
partially full of water. A magnetic spin vane (a5) was placed in the 1000 mL beaker beneath the
500 mL beaker. In this way I assembled an apparatus which would serve as a hot water bath
with constant temperature in which the nitric

b

copper sample in nitric solution

Figure ( 21 a,b,c)
a

nitric acid experimental set up

c copper sample after exposure to nitric solution
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acid solution could be heated. A mercury thermometer (a1) was used to monitor the water
temperature as a means of determining the nitric acid solutions temperature. The goal for the
amount of copper removed was 1 cg. To achieve this, I experimented with different parameters
such as temperature, concentration of solution, and time of exposure. These parameters were
altered in order to determine the variable which had the greatest impact on the final result.
During the procedure I was limited in the heating parameter by the limits of the hot plate (a6)
being used. The maximum temperature that was capable of being reached was 64°C. Due to this
inconvenience the concentration of the acid was adjusted as an alternate means of modification.
An example of four test runs using these limits is as follows:
5% HNO3 at 50~53°C for 15 min.
10% HNO3 at 50~53°C for 15 min.
5% HNO3 at 60~63°C for 15 min.
10% HNO3 at 60~63°C for 15 min.
The best measurement was approximately 10 microns of copper removed. This was
accomplished when at a temperature of 64C, 5% HNO3, for 5 minutes. Although increasing the
concentration did add to the yield, overall it was found that the temperature had the greatest
influence on the final amount removed. Again, this was before and after solution samples were
collected.
The final step was citric acid passivation. The copper disk was placed in a solution of
50mL hydrogen peroxide (H2O2), 50mL de-ionized water, and 100g of crystalline citric acid
mixed in a 250mL beaker. The passivation step was not done as a form of decontamination, but
as a preventative measure for future outgassing and oxidation of the copper, which would
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contribute to later contamination of any experimental components surrounding the unpassivated
copper.
The before and after solution samples were taken as a means of determining the
effectiveness of each stage of the decontamination procedure. By comparing the number of
contaminants in the before solution with respect to the number in the after solution the amount of
uranium contaminants removed from the copper and left within the solution was determined.
The chemists at the LNGS analyzed theses samples. The resulting data is shown in table 1.
Table 1

Mass Spectrometry Analysis

[ 23 ]

The samples obtained from the Micro 90 soap solution show a sharp increase in the number of
contaminants in the after solution compared to the before. This result is due to uranium ore
particulates being rinsed off of the outer surface of the copper and absorbed by the Micro 90
solution. The electr- polishing step shows a decrease in the number of contaminants of the after
solution relative to the before. Upon first glance this may seem peculiar, as if the copper had
absorbed contaminants from the solution. In fact this decrease is due to the process itself. The
waste plate attracted not only the contaminants of the copper, but also any contaminant within
the phosphoric solution. For this reason the solution had less contaminant after the procedure
had been performed. The solution obtained from the nitric acid etching procedure had an
increase in the amount of contaminants in the after solution. This result was as expected
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indicating that contaminants had been removed from the copper and left in the solution. The
final step of citric acid passivation shows no noticeable change. This is as expected. The
passivation was not done as for decontamination purposes but functioned as a preventative
measure. In this way, future out-gassing and oxidation of the copper was circumvented.

8

Conclusion

Successful fruition of any experiment has an immediate result, in the case of CUORE the
discovery of the 0!"" signal would be the experimental proof that the neutrino is in fact its own
antiparticle. The impact of this on the standard model and high energy particle physics would be
that the Majorana model, and not the Dirac, would become the basis from which other reactions
would be dictated. The Majorana model would allow for the conservation of lepton number to be
violated. The violation of Lepton number would lead to new possible routes for nuclear
reactions opening pathways that had previously been forbidden.
Along with the effects directly related to the discovery of the neutrino being its own
antiparticle, are secondary consequences which result from the technology developed
specifically for the experiment. Currently CUOREs’ biggest hurdle is the reduction of
background interference corrupting the resolution of the sought after 0!"" energy signal. In
efforts to combat this new techniques in cooling, engineering, and radiation shielding have been
produces. These techniques partnered with the technological achievements can be used in new
and as of yet unthought of ways. The possibilities of alternative applications include but are not
limited to new solutions to the current energy crisis, preventative cancer treatments in the
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medical field, and the successful storage, transportation, and preservation of food, the
consequence being a reduction in world hunger.
Being invited to work on the CUORE experiment was a privilege which brought many
valuable experiences. The collaborative environment of the people involved in CUORE gave me
an understanding as to the many and varied contributions unique to each aspect of the
experiment. Every individual provided distinct qualities necessary to its success. Even in this
technological age, large and theoretically advanced experiments still depend on the basics of
physical labor. The lengthy process of lapping crystals gave a hands-on experience and a
familiarity with the physical rigors in experimental research. My involvement in the process of
copper decontamination demonstrated the benefit of being able to incorporate knowledge from
other disciplines such as chemistry, engineering, and biology.
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